Introduction
Hypertension remains a disease that afflicts a significant portion of our adult population and is now understood to be less controlled than desirable [1] . This lack of control renders an individual more susceptible to coronary arterial disease, heart failure and renal insufficiency. Because of the large number of uncontrolled patients, new therapies with reduced side effects and/or alternative targets would be beneficial. Presently, the arterial circulation remains a steadfast target of antihypertensive medications such as calcium channel blockers, angiotensinconverting enzyme inhibitors and angiotensin receptor blockers. Elevated total peripheral resistance, as determined by small arteries and arterioles, plays an uncontested role in hypertension. However, recent evidence suggests that the venous circulation and elevations in venomotor tone may also contribute to hypertension.
Unlike arteries, veins serve a capacitance function in the body, providing a reservoir of blood. Increases in mean circulatory filling pressure (an index of venomotor tone independent of cardiac filling) occur early in the course of hypertension in some experimental models, and do so without an increase in total blood volume, suggesting elevations in venomotor tone [2] [3] [4] . The resultant decrease in vascular compliance is most marked in the extrathoracic veins [5, 6] , and is particularly notable in the splanchnic circulation [7] . The consequence of reduced vascular capacitance is a shift of blood from the veins of the abdomen and extremities (the peripheral compartment) into the thorax (the central compartment). Just such a 'central' redistribution of blood volume has been found during the developing phase of essential hypertension in humans [8] [9] [10] . Changes in venomotor tone as a cause of hypertension are understudied.
It would be ideal to stimulate or inhibit the venous circulation selectively to alter the contribution of venomotor tone to blood pressure regulation. However, we have been unable to identify pharmacological compounds that selectively activate or inhibit venous smooth muscle tone. The lack of available tools exists in part because we do not currently understand basic differences in gene/protein expression in adult arteries and veins. Here, we present data from gene array experiments performed in the hopes that we could identify genes that might be selectively modified in the venous circulation. Differences in genetic programming in the developing circulatory systems have been identified, with the ephrin, Notch and neuropilin proteins defining arterial versus venous circulation [11] [12] [13] [14] [15] [16] [17] [18] [19] . It is unknown whether these differences remain faithful through adulthood. Because these proteins also play a role in neuron axonal guidance, their use as selective modifiers of the circulatory system is limited. We set out to identify differences in gene expression between the vena cava and aorta of the adult animal, with the hypothesis that there are genes selectively expressed in the normal adult vein compared to the artery.
We chose to use the thoracic aorta and vena cava as our model artery and vein. These are similarly sized vessels (diameter based) and derive from a similar body compartment (thorax). We used the whole blood vessel in these experiments, including the intimal endothelial cell layer, media and adventitia. The purpose in doing so is that all cell layers are appreciably involved in the overall function of a blood vessel, and we do not yet understand the function of the highly complex and extensive adventitia of the vena cava ( fig. 1 ) . A CodeLink-based gene array was performed on 6 pairs of arteries and veins, each from a different animal, and selected findings were confirmed with real-time PCR as well as immunohistochemistry. Our results identified a profile of a vein that was unexpected. Specifically, venous tissue expressed genes of anti-inflammatory/anti-apoptotic proteins. These findings are provocative in the insight they give to potential differences in arterial versus venous roles in inflammation-dependent cardiovascular diseases.
Methods

Animal Use
Male Sprague-Dawley rats (250 g; Charles River, Indianapolis, Ind., USA) were used. All protocols were approved by the Michigan State University Institutional Animal Care and Use Committee. Animals were deeply anesthetized with sodium pentobarbital (60-80 mg/kg, intraperitoneally), and aorta as well as vena cava were removed. Tissues were cleaned of adherent fat and connective tissue, and then taken through one of the following experimental protocols.
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Gene Array Protocol RNA Isolation Total RNA was isolated from approximately 10-mg sections of rat aorta and vena cava using the MELT TM Total RNA Isolation System (Ambion/Applied Biosystems, Austin, Tex., USA) according to the manufacturer's protocol. RNA was then quantified on a NanoDrop spectrophotometer (NanoDrop Technologies/Thermo Fisher Scientific, Wilmington, Del., USA).
Microarrays
CodeLink TM Rat Whole Genome Bioarrays (Amersham/GE Healthcare, Piscataway, N.J., USA) were used according to the manufacturer's protocol. Briefly, first-strand cDNA was synthesized starting with 1 g DNase-treated total RNA from each sample and diluted bacterial mRNA controls. After second-strand synthesis and cDNA purification, cRNA was in vitro transcribed with incorporation of biotin-labeled UTP, purified and assessed for concentration, purity and quality. Ten micrograms of cRNA were then fragmented and hybridized to arrays. Streptavidin-Cy5 conjugate was used for detection. Arrays were scanned using the GenePix Array Scanner (Axon Instruments/Molecular Devices, Sunnyvale, Calif., USA).
Data Aquiring and Processing
Images were acquired using GenePix Pro 6.0 software (Axon Instruments/Molecular Devices), which runs automatic spotfinding algorithms, subtracts background, filters absent and flags low (near background), saturated, noisy or otherwise poor quality spots. Raw intensities of the approximately 34,000 spots on each array (6 for aorta, 6 for vena cava) were median normalized as a batch. Normalized intensity values of each spot were averaged and p values were calculated in Microsoft Excel. These data were then uploaded into Gene Sifter (VizX Labs, Seattle, Wash., USA) where gene expression probe names were identified and differentially expressed genes (fold threshold = 5) were displayed and further analyzed.
RT-PCR Protocol
One microgram DNase-treated total RNA was reverse transcribed to first-strand cDNA using an oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer, dNTP mix and Superscript II reverse transcriptase (Invitrogen, Carlsbad, Calif., USA) according to the manufacturer's protocol. RT-PCR was performed with equal amounts of cDNA from each sample using the SYBR Green PCR Master Mix (Applied Biosystems, Foster City, Calif., USA) on a Real Time 7500 PCR System (Applied Biosystems). Primers for PAP1 (NM_053289), synthesized at the Macromolecular Structure, Sequencing and Synthesis Facility at MSU, were designed using the Primer3 software (Whitehead Institute, Cambridge, Md., USA) [20] : PAP1-L: TGGGAGAGGAACCCATCTACT; PAP1-R: CGTAGGGC-AACTTCACTTCA. TSP-1 (NM_001013062.1), TSP-2 (XM_ 214778.4), TSP-4 (XM_342172.3) and ␤ -2 microglobulin (NM_ 012512) were purchased from SuperArray (Frederick, Md., USA) and their sequences are not published. Quantification of PAP1, TSP1, TSP-2 and TSP-4 expression was performed relative to ␤ -2 microglobulin, a housekeeping gene that in pilot experiments had the most uniform expression in our tissues. Data are reported as mean 8 SEM of 2 -⌬ Ct values relative to ␤ -2 microglobulin.
Immunohistochemical Protocol
Thoracic aorta and vena cava were cleaned and formaldehyde fixed. Paraffin-embedded sections (8 m) were cut, dewaxed, antigen retrieved and taken through a standard protocol using a Vector kit (Vector Laboratories, Burlingame, Calif., USA). Tissue sections were incubated 24 h with primary antibody (1-5 g/ml), antibody quenched with 5 ! competing peptide when competing peptide was available, or no primary antibody. Sections of the small intestine and human bone marrow (megakaryocytes) were used as a positive control for PAP1 and the TSP family. The same concentration of primary and secondary antibody was used on positive control/aortic/vena cava sections. Sections were developed according to manufacturer's instructions using a DAB developing solution (Vector Laboratories). Binding was observed as a dark brown/black precipitate. All slides were counterstained with Vector hematoxylin for 30 s, with nuclei stained blue. Sections were dried, cover slipped and photographed on a Nikon TE2000 inverted microscope using MetaMorph software. Photographs are shown at 40 ! magnification.
PAP1 antibodies were purchased from R&D Systems (anti-rat Reg2/Pap MAB 1996) or provided by Dr. Juan Iovanna. Antibodies against TSP family members were as follows: TSP-1 (collagen type V binding domain, clone A6.1; Thermo Scientific, Fremont, Calif., USA), TSP-2 (N-terminus, sc-12313; Santa Cruz Biotechnology, Santa Cruz, Calif., USA) and TSP-4 (C-terminus, sc-7657; Santa Cruz Biotechnology).
Results
Figure 1 a depicts immunohistochemical staining of the aorta (left) and vena cava (right) with an antibody directed against smooth muscle ␣ -actin. While the aorta possesses at least 8 identifiable layers of smooth muscle between the white elastin cables, vena cava possesses but one layer that directly underlies the endothelial layer. The remainder of the vena cava stains for collagen, as shown in blue as a part of Masson trichrome staining in figure 1 b. The adventitial layer is significantly more pronounced in the vena cava compared to the aorta, but adventitia is present in both vessel types.
Gene Array
The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [21] and are accessible through GEO Series accession number GSE12255 (http://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE12255). Table 1 details those genes that were expressed either 5-fold higher or lower in the vena cava versus the aorta. Of all genes, the greatest differences in mRNA expression were observed for PAP1, a gene with anti-inflammatory functions. A related peptide, PAP3, was also more highly expressed in the vena cava versus the aorta. Another significant finding was the higher ex-pression of two of the thrombospondins (TSP-1 and TSP-4) in vena cava versus the aorta. The transcript levels for PAP, as the highest difference in gene expression in favor of venous transcript, and TSPs (TSP-1, TSP-4 and additionally TSP-2, another TSP family member), as a family of anti-inflammatory/anti-angiogenic genes, were next validated using RT-PCR.
RT-PCR Validation and Immunohistochemistry.
Real-time RT-PCR of RNA isolated from vena cava and aorta was performed to validate gene array findings.
Figures 2 a to 5 a display results from real-time RT-PCR demonstrating that the mRNA expression of PAP1, TSP-1, TSP-2 and TSP-4 was significantly greater (p ! 0.05) in the vena cava versus the aorta.
Immunohistochemistry using antibodies raised towards rat PAP1 and TSPs were used to determine the relative quantity and site of protein expression in arteries versus veins.
PAP1
PAP1 antibody was first used in the intestine as a positive control, as PAP1 is robustly expressed in this tissue. PAP1 was stained for intensely in the intestine ( fig. 2 b) . PAP1 expression was observed throughout the vena cava layers with significant staining in the adventitia, and only modest staining in the adventitia of the aorta. A competing peptide was not available. Similar results were observed using either the R&D antibody or Rat-1 antibody raised by Dr. Iovanna.
TSP-1 TSP-1 antibody recognized megakaryocytes in bone marrow, validating the usefulness of this antibody. Staining for TSP-1 was present in the vena cava (compare fig. 3 b with and without primary antibody) but not identifiable in the aorta, even in the adventitia. A competing peptide was not used, as staining was faint.
TSP-2 Staining for TSP-2 was substantially stronger compared to TSP-1 in both blood vessels, while that in the bone marrow was expectedly positive ( fig. 4 ) . The vena cava showed staining that suggests a more robust expression of TSP-2 compared to aorta, with the competing peptide significantly reducing TSP-2 antibody staining. TSP-2 staining in the vena cava was strongest in the layers nearest the lumen of the vessel, and weakly observed in smooth muscle layers of the aorta. Threshold = 5; quality = 0.5. Numbers represent the averaged (n = 6) normalized intensity for the genes listed in the first column, ordered by the fold difference. Genes that have been chosen for RT-PCR verification and protein expression follow-up experiments are set in bold. Table 1 . Genes expressed at least 5-fold differently in the normal rat aorta versus vena cava TSP-4 TSP-4 protein was observed in both aorta and vena cava, though specific staining was qualitatively greater in the vena cava compared to aorta ( fig. 5 ) . Staining in the adventitia of the aorta was not specific, while staining occurred throughout the vena cava. Importantly, the TSP-4 antibody positively stained bone marrow sections.
Aortic expression
Vena cava expression
Vena cava expression > aorta expression
PAP1 0.7 73 PAP3 0.7 50 Myosin light chain, pt 7 0.7 26 Myosin-binding protein 0.7 21 Anterior gradient 2 1.5 40 Troponin 1, type 3 0.7 14.1 Myozenin 2 0.5 10 Sarcolipin 0.3 4.9 Chemokine ligand 19 1.8 28 Pancreatic secretory trypsin inhibitor type II 0.4 5.09 Cytochrome c oxidase, subunit VIa, polypeptide 2 0.5 6.
Discussion
We undertook this study to determine whether genes might be selectively expressed in the adult rat vena cava compared to the aorta. Multiple differences were observed, the most intriguing of which was a higher venous expression of genes for proteins that possess anti-inflammatory, anti-apoptotic and/or anti-angiogenic properties. The most prominent difference was for PAP1.
PAP1 and TSPs
PAP is a lectin-related secretory protein present in low levels in normal pancreas but highly expressed and secreted in the acute phase of pancreatitis [22] . PAP has most recently been described as an anti-inflammatory cytokine in in vitro and in vivo experiments [23] [24] [25] [26] . In the gene array and in confirmatory RT-PCR, PAP1 expression was significantly higher in the vena cava compared to the aorta. Similarly, mRNA for TSP-1 and TSP-4 were 5-to 8-fold more highly expressed in veins compared to arteries, and this was confirmed in PCR. TSPs, in particular TSP-1, are stored in platelet ␣ -granules, and are a constitutive component of epithelial and endothelial basement membranes [27, 28] . TSP-1 was the first endogenous inhibitor of angiogenesis discovered [29] , and TSP-2 has similar anti-angiogenic properties [27] . TSPs have a host of additional functions that contribute to a generally protective or anti-inflammatory profile [30- Thus, it appears that the anti-inflammatory and antiapoptotic properties of veins might be naturally enhanced compared to arteries. The qualitative immunohistochemical studies performed here do not enable us to ascribe the differences in PAP and TSP to a specific cell type. However, as adventitia is present to a much higher degree in the vena cava compared to the aorta, we might speculate that cells from this layer, such as fibroblasts, may account for these differences. We especially cannot exclude this possibility in the case of TSPs, given their complex roles and interactions in the extracellular matrix [27] .
Concurrence with Other Gene Array Studies
A few studies have addressed the basic question asked presently, but with some important differences. In 2000, Adams et al. [38] compared the macaque aorta and vena cava using a cDNA array with human genes. Sixty-eight genes were elevated in the aorta versus the vena cava, with the greatest difference being observed for the regulator of G protein signaling RGS5. PAP1 and the TSPs were not discussed. Shin and Anderson [39] performed subtractive hybridization for arterial-specific genes in endothelial cells from mouse E11 embryos. Using this approach, they did not identify any venous-specific gene. More recently, Deng et al. [40, 41] have compared cultured human saphenous vein smooth muscle or endothelial cell to the cultured coronary artery smooth muscle cell or endothelial cell. These are important tissues because of the use of the saphenous vein in replacing coronary artery segments in bypass surgery. It has been noted for some time that atherosclerosis predominantly affects arteries but minimally affects veins. Differences in endothelial cell expression were observed, and TSP-2 was more highly expressed in the venous endothelial cell versus the arterial endothelial cells. Interestingly, they observed an increase in cytochrome c oxidase subunit via polypeptide 2 in venous endothelial cells compared to arterial endothelial cells, an increase we also found in the whole tissue ( table 1 ) . In the smooth muscle cultures of these vessels, TSP repeat containing 1 protein and decorin were more highly expressed in the venous versus arterial smooth muscle cells. TSP-1 expression, however, was higher in the aortic versus venous cultured smooth muscle cells.
A recent report suggests a prothrombotic gene expression in vascular smooth muscle cells from the human saphenous vein but not internal mammary artery [42] . However, cells from these studies and those by Deng et al. [40, 41] were cultured and thus their phenotype is not a basal one. One study has used arteries and veins from the rat, as we have presently, but only for a small-scale gene expression comparison [43] . These authors used small vessels from the rat mesentery in duplex RT-PCR to measure vascular endothelial growth factor, TIE2, angiopoietin-2 and a disintegrin-like and metalloprotease with TSP motifs-1 (ADAMTS1). In all cases but ADAMTS1, expression of the markers was higher in the arteries versus the veins. In our hands, ADAMTS1 was somewhat lower in vena cava versus aorta (2.12-fold lower). Our studies differ from previous ones in our use of the naïve, uncultured tissue of the adult rat as a source for RNA profiled in gene array.
Inflammation in Venous Tissue in Cardiovascular Disease
Arterial inflammation in cardiovascular disease, particularly in hypertension and atherosclerosis, is well established. Inflammatory endpoints include elevated arterial concentrations of pro-inflammatory interleukins, intercellular adhesion molecule-1, vascular cell adhesion molecular, selectins, monocyte chemoattractant protein-1, as well as infiltration of immune cells [44] [45] [46] [47] and the more distal endpoints of arterial remodeling and fibrosis. By contrast, little is known as to whether or how the venous system becomes similarly inflamed in hypertension. Venous endothelium may inherently respond differently to inflammation. A study that investigated monocyte adhesion in human arterial versus venous endothelial cells found differential expression of endothelial cell adhesion molecules (vascular cell adhesion molecular, intercellular adhesion molecule and E-selectin) as well as differences in monocyte adhesion in response to inflammatory stimuli [48] . In this study, venous endothelial cells appeared more sensitive to these stimuli, presumably due to differences in NF-B signaling. Leukocyte adhesion was also compared in another study that excluded the role of different hemodynamic factors in the preferential neutrophil rolling on mesenteric venular versus arteriolar endothelium [49] . Similarly, the different solute barrier properties of arterial and venous endothelium was found to be correlated with differences in the expression of junctional proteins [50] . Therefore, if indeed veins have more anti-inflammatory properties compared to arteries, as our study suggests, these differences may not be originating in the endothelium, but rather the smooth muscle or adventitial layers. We have previously observed that vena cava do not display the vascular remodeling classically observed in arteries from a mineralocorticoid-based model of hypertension [51] . This finding differs somewhat from small venules and venous valves in which remodeling was observed; these valves are absent in the large-sized vena cava [52] [53] [54] [55] [56] . Neutrophil infiltration of veins can also occur, but in venous hypertension [57] . Atherosclerotic lesions in venous bypass segments placed in an arterial/high-pressure setting occur and this process is undoubtedly inflammatory [58, 59] . However, this is not the normal physiological situation for a vein, as a vein functions at significantly lower pressure. Veins do not typically develop atherosclerosis. Though the lower pressure to which they are exposed may be one factor in the difference of vessel predisposition to atherosclerosis, this does not explain why veins are resistant to atherosclerosis. Our findings suggest that veins may possess mediators, such as PAP and TSPs, which serve as a natural defense against inflammationbased diseases.
Limitations
There are several limitations to this study that must be recognized. First, the whole blood vessel (all layers) was used in these experiments. The vena cava has an extensive adventitia and all cell types present in this layer are not recognized. Thus, it is difficult to assign any one cell type the differences observed in this study. Second, we used a large artery and vein as opposed to small veins and arteries, as can be found in the mesenteric bed. These smaller vessels are largely responsible for capacitance and total peripheral resistance, respectively, and we cannot state whether our findings in the large vessels apply to the smaller vessels. One might argue the smaller vessels are more physiologically relevant, but the vena cava and aorta serve the important function of providing venous re-turn and directly handling the full brunt of cardiac output, respectively. Finally, it would be ideal to have Western analyses for quantitative expression of the proteins studied herein, but this has proven difficult for the TSPs. Native TSPs are approximately 400-450 kDa in size, and handling these proteins such that they remain intact has been difficult. Thus, it will take more care and time to perform such experiments, and the present study represents a first step.
We have just touched the surface of the results that were generated in this robust gene array study. If one searches using the phrase 'inflammatory response' within Gene Sifter , other proteins outside the ones discussed are listed. For example, the aorta possesses greater expression (approx. 3-fold) of secreted phosphoprotein 1 (also known as osteopontin) and bone morphogenetic protein 6, both proteins of which have been positively implicated in the pathology of cardiovascular disease [60, 61] . We have not followed up on these differences so as to focus on TSPs and PAP. Thus, our investigation into PAP and TSPs is but one level of investigation into differences in genetic expression between veins and arteries, and these findings lead us to the important future mechanistic experiments of testing whether removal of PAP1 or TSPs permits the vein to respond, as an artery does, to an inflammatory challenge.
In summary, these findings suggest that there are numerous differences in arterial versus venous gene expression. Increased mRNA and protein expression for the anti-inflammatory protein PAP1 and the anti-apoptotic proteins TSPs suggest a basic difference in the native defense possessed by the vena cava compared to the aorta.
